Characteristics of liquefied petroleum gas in storage during exhaustion process by Zakaria, Zainal
  
 
 
 
 
TABLE OF CONTENTS 
 
 
 
CHAPTER                 TITLE             PAGE 
 
 TITLE PAGE i 
 DECLARATION ii 
 DEDICATION iii 
 ACKNOWLEDGEMENTS vi 
 ABSTRACT v 
 ABSTRAK vi 
 TABLE OF CONTENTS vii 
 LIST OF FIGURES xi 
 LIST OF TABLES xix 
 LIST OF ABBREVIATIONS  xx 
 LIST OF APPENDICES xxiii 
 
  1 INTRODUCTION 1 
1.1 Research Background  1 
1.2 Objective and Scopes of Study 6 
1.3 Report Outline 8 
1.4 Summary 9 
 
 2 LITERATURE AND RELATED RESEARCH 10 
 2.1 Overview of Liquefied Petroleum Gas 10 
 2.1.1 Liquefied Petroleum Gas Storage 13 
 2.1.2 Liquefied Petroleum Gas Storage Design 
          and Operations 14 
2.2 Heat and Mass Transfer Process in Liquefied  
      Petroleum Gas Storage 18 
 2.2.1 Heat Transfer Process 18 
vii 
  
 2.2.2 Mass Transfer Process 24 
  2.2.2.1 Kinetic Theory and Intermolecular 
  Forces 28 
 2.2.3 Liquefied Petroleum Gas Storage  
        Operation 31 
  2.2.3.1 Concept of Evaporation 31 
  2.2.3.2 Evaporation Process of Liquefied 
              Petroleum Gas 36 
2.4 Summary 53 
 
 3  MATHEMATICAL MODELING  54  
3.1 Introduction 54 
3.2 Process Description 54 
3.3 Model Development 55 
 3.3.1 Mass and Energy Balance During 
           Discharging Process 56 
  3.3.1.1 Discharging Flow Rate 62 
 3.3.2 Rate of Evaporation 64 
  3.3.2.1 Vapor Liquid Equilibrium 67 
 3.3.3 Energy Consumption 77 
  3.3.3.1 Heat Transfer Process 77 
3.4 Input Data 88 
 3.4.1 Heat Consumption or Generation 88 
 3.4.2 Heat Input or Output 90 
 3.4.3 Material Properties 91 
  3.4.3.1 Physical and Chemical Properties 
              of LPG 91 
  3.4.3.2 Air, Miscellaneous and System 
              Properties 93 
  3.4.3.3 Tank Physical Properties 94 
 3.4.4 Thermodynamic Properties 95 
 3.4.5 Liquid and Vapor Height 100 
3.5 Model Development Operations 102 
3.6 Summary  104 
viii 
  
 
 4 MATERIALS AND METHODS 105 
 4.1 Introduction 105 
 4.2 Fuels and Apparatus 105 
4.2.1  Propane and Butane 105 
4.2.2  Testing Cylinder 106 
4.2.3  Thermocouple 108 
4.2.4 Pressure Transducer 109 
4.2.5  Regulator Valve 109 
4.2.6  Gas Tubing 109 
4.2.7  Sample Container 109 
4.2.8   Flow Meter 110 
4.2.9   Burners 111 
4.2.10 Balance 111 
4.2.11 On-line Gas Chromatography 111 
4.2.12 Computer and Recorder 112 
4.2.13 Temperature Control Box 112 
4.3 Development of Rig or Apparatus 114 
 4.4 Study Procedures 115 
 4.4.1 Mixing of Propane and Butane 115  
 4.4.2 Experimental Procedures 115 
      4.4.3 Method of Measurements 117 
 4.4.3.1 Temperature of Cylinder 117 
 4.4.3.2 Pressure of Cylinder 117 
 4.4.3.3 Gas and Liquid Composition 117 
 4.4.3.4 Weight of Liquefied Petroleum Gas 118 
 4.4.3.5 Discharging Flow Rate 118 
 4.4.3.6 Liquid Level 119 
 4.5 Summary 119   
 
 5 RESULTS AND DISCUSSION 120 
5.1  Temperature and Pressure Profiles during  
             Exhaustion Process 120 
5.1.1 Temperature Profile 120 
ix 
  
5.1.2 Pressure Profile 125 
 5.2 Variation in LPG Composition, Initial Flow Rate  
                                            and Surrounding Temperature 127 
5.2.1.Temperature Distribution Profile 127 
 5.2.1.1  Effect of LPG Composition 127 
 5.2.1.2  Effect of  Initial Flow Rate 131 
 5.2.1.3  Effect of Surrounding Temperature 133 
 5.2.1.4  Heat Distribution Profile 135 
5.2.2 Pressure Profile 149 
5.2.3 Form of Ice Formation 153 
5.2.4 Composition of Discharging Vapor  
         and Remaining Liquid  160 
5.2.5 Discharging Mass Profile 168 
5.2.6 Discharging Flow Rate Profile 172 
5.2.7 Liquid Level Profile 174 
 5.3 Variation in Filling Weight 178 
5.3.1 Temperature Distribution Profile 179 
 5.3.1.1 Heat Distribution Profile 181 
5.3.2 Pressure Profile 189 
5.3.3 Composition of Discharging Vapor and 
         Remaining Liquid 191 
5.3.4 Other Tested Parameters Profile 193 
 5.4 Comparison of Experimental and Modeling Results 196 
 5.5 Residue of Liquefied Petroleum Gas 201 
 5.6 Summary 206 
  
 6 CONCLUSIONS AND RECOMMENDATIONS 208  
 6.1 Conclusions 208 
 6.2 Recommendations  210 
REFERENCES 212 
Appendices A - C  229-263 
 
 
 
x 
  
 
 
 
 
LIST OF FIGURES 
 
 
 
NO  TITLE PAGE 
 
2.1 Portable Liquefied Petroleum Gas Cylinder 13 
2.2 LPG Vapor Pressure Chart 15 
2.3 Installation Based on Manifold System 17 
2.4 Heat Added to Cylinder from Surrounding 18 
2.5 Metal Tubes Arrangement for Hydrogen Cylinder 20 
2.6 Immerse LPG Cylinder in Warmer Water 21 
2.7 Campaign Type of LPG Cylinder 22 
2.8 Spiral Coil in Cylinder 23 
2.9 The difference of molecular attraction between low  
                        and high density gases on the Impact Force to The  
                                    Container Wall 29 
2.10 Effect of Interfacial Tension on Bubble Formation 32 
2.11 Liquid Boiling Process 33 
2.12 Diagram of the Boiling Process of Binary Components 36 
2.13 Relative LPG Evaporation Process 37 
2.14 Storage Cylinder System with a Dip Tube 38 
2.15 Boiling Phenomena during LPG Exhaustion Process 40 
2.16 Ice Layer on the Outer Cylinder Wall 43 
2.17 Film Thickness Versus Heat Transfer Coefficient 44 
3.1 Arrangement of LPG Process 55 
3.2 Boundaries for System 58 
3.3 Accumulated Mass in Vapor Phase Versus Time 65 
3.4 Accumulated Vapor Mass with Respect to Different  
 Cases 66 
3.5 Series Heat Flow 82 
3.6 Parallel Heat Flow 82 
3.7 Combined Parallel and Series Heat Flow 83 
xi 
  
3.8 Radial Direction Heat Flow 83 
3.9 Axial Direction Heat Flow 84 
3.10 Tank Dimensions with Liquid and Vapor Levels 101 
3.11 Model Operation Flowchart 103 
4.1 A Special Design for Testing Cylinder 107 
4.2 Arrangement of Thermocouple at every detection level 107 
4.3 The Location of Thermocouple at the Study Cylinder 108 
4.4 Liquid Sample Container 110  
4.5 Digital Gas Flow Meter 110  
4.6 Gas Burner 111  
4.7 Arrangement of On-Line Gas Chromatography 112  
4.8 Computer with Interfacial System 113  
4.9 Temperature Control Box 113  
4.10 Schematic Diagram of the Study Rig 114  
5.1  Temperatures Profile at Center of the Cylinder of  
                                    6040 of Propane and Butane at Initial Flow Rate of 48  
                                    Liter/Minute and Surrounding Temperature of 35
o
C 121  
 
5.2 Temperatures Profile at Internal Wall of the Cylinder                      
                                    of 6040 of Propane and Butane at Initial Flow Rate of 48  
                                    Liter/Minute and Surrounding Temperature of 35
o
C 122  
 
5.3 Temperatures Profile at External Wall of the Cylinder  
of 6040 of Propane and Butane at Initial Flow Rate of 48  
Liter/Minute and Surrounding Temperature of 35
o
C 122  
 
5.4 Temperatures Profile at Difference Sensor Location  
of 6040 of Propane and Butane at Initial Flow Rate of 48  
Liter/Minute and Surrounding Temperature of 35
o
C 124  
 
5.5 The Relationship between Temperature and Pressure  
of Composition 80/20 in the Cylinder at Initial Flow  
Rate of 48 Liter/Minute and Surrounding Temperature       
of 30
o
C at Level 6 125 
 
5.6 Temperatures Reading at Center of the Various  
            Compositions at Initial Flow Rate of 48 Liter/Minute  
and Surrounding Temperature of 35
o
C 128 
 
5.7 Temperatures Reading at Internal Wall of the Various   
            Compositions at Initial Flow Rate of 48 Liter/Minute  
                   and Surrounding Temperature of 30
o
C 128 
 
xii 
  
5.8 Temperatures Reading at External Wall of the Various   
            Compositions at Initial Flow Rate of 48 Liter/Minute   
                   and Surrounding Temperature of 30
o
C 129  
 
5.9                               Relationship between Temperature and Composition  
at Initial Flow Rate of 48 Liter/Minute and Surrounding 
Temperature of 30
o
C 130 
 
5.10   Liquid Temperature at Center Sensor for Various  
Initial Flow Rates at Composition 4060 and  
Surrounding Temperature of 30
o
C 131 
 
5.11   Comparison of Region Period of Composition 8020  
and 6040 at Surrounding Temperature of 30
o
C and  
Initial Flow Rate of 48 Liter/Minute 133 
 
5.12   Liquid Temperatures at Center for Composition 4060  
at Initial Flow Rate of 48 Liter/Minute and at  
Different Surrounding Temperatures 134 
 
5.13   Dimensionless Axial Profile of Temperature at 10  
Minutes at Centre of Various Compositions at Initial  
Flow Rate of 48 Liter/Minute, Surrounding Temperature  
of 30
o
C and Weight of 6 kg 136 
 
5.14   Dimensionless Axial Profile of Temperature at 120  
Minutes at Center of Various Compositions at Initial  
Flow Rate of 48 Liter/Minute, Surrounding Temperature  
of 30
o
C and Weight of 6 kg 136 
 
5.15   Dimensionless Axial Profile of Temperature at 10  
Minutes at Centre of Various Initial Flow Rates at  
Composition of 4060, Surrounding Temperature of  
30
o
C and Weight of 6 kg 139 
 
5.16   Dimensionless Axial Profile of Temperature at 180  
Minutes at Centre of Various Initial Flow Rates at  
Composition of 4060, Surrounding Temperature of  
30
o
C and Weight of 6 kg 139 
 
5.17   Relationship between Temperature and Initial Flow  
Rate at Composition of 4060 and Surrounding  
Temperature of 30
o
C  140 
 
5.18   Dimensionless Axial Profile of Temperature at 10 
Minutes at Centre of Various Surrounding Temperatures  
at Initial Flow Rate of 48 Liter/Minute, Composition of  
4060 and Weight of 6 kg 141 
 
 
xiii 
  
5.19   Dimensionless Radial Profile of Temperature at Level 6 
at 10 Minutes of Various Compositions at Initial Flow   
Rate of 48 Liter/Minute, Surrounding Temperature of   
30
o
C and Weight of 6 kg 143 
 
5.20   Dimensionless Radial Profile of Temperature at Level 6  
at 120 Minutes of Various Compositions at Initial Flow  
Rate of 48 Liter/Minute, Surrounding Temperature of  
30
o
C and Weight of 6 kg 143 
 
5.21   Dimensionless Radial Profile of Temperature at Level 6  
at 10 Minutes of Various Initial Flow Rates at  
Composition of  4060, Surrounding Temperature of  
Weight 30
o
C and of 6 kg 145 
 
5.22   Dimensionless Radial Profile of Temperature at Level 6  
at 120 Minutes of Various Initial Flow rates at  
Composition of 4060, Surrounding Temperature of  
30
o
C and Weight of 6 kg         145 
 
5.23   Dimensionless Radial Profile of Temperature at Level 6  
at 10 Minutes of Various Surrounding Temperatures at  
Initial Flow Rate of 48 Liter/Minute, Composition of 4060  
and Weight of 6 kg 147 
 
5.24                 Liquid Temperature of Various Percentages of Cylinder Diameters 
at Initial Flow Rate of 48 Liter/Minute,  
Composition of 4060 and Weight of 6 kg 148 
 
5.25                             Weight Remaining due to Variation of Diameter Size at                 
Surrounding Temperature of 30
o
C, Compositions of 6040,  
Initial Flow Rate of 48 Liter/Minute and Filling Weight 
of 6 kg                      149 
 
5.26 Cylinder Pressures of Various Compositions at Initial 
Flow Rate of 48 Liter/Minute and Surrounding  
 Temperature of 30
o
C 150 
5.27 The Difference in Pressure Fall for Various Initial 
Flow Rate at Composition of 4060 and Surrounding  
 Temperature of 30
o
C 152 
 
5.28 The Difference in Cylinder Pressure for Various  
Surrounding Temperature at Composition of 4060 and  
 Initial Flow Rate of 48 Liter/Minute 153 
 
5.29 The Early Stage of Ice Layer Formation Due to  
 Condensation of Water Vapor 155 
 
5.30 Final Stage of Ice Formation Layer 155 
 
xiv 
  
5.31 Melting of Ice Formation Layer 155 
 
5.32 Sweating and Ice Formation Layer on the Cylinder  
Wall for Various Compositions at Initial Flow Rate of  
 48 Liter/Minute and Surrounding Temperature of 30
o
C 157 
 
5.33 Sweating and Ice Formation Layer on the Cylinder  
Wall for Various Initial Flow Rate at Compositions of  
 4060 and Surrounding Temperature of 30
o
C 157 
 
5.34 Sweating and Ice Formation Layer on the Cylinder  
Wall for Various Surrounding Temperatures at Initial 
 Flow Rate 48 Liter/Minute and Compositions of 4060 159 
 
5.35 Sweating and Ice Formation Layer on the Cylinder  
Wall for Various Weight at Initial Flow Rate 48  
Liter/minute, Compositions of 4060 and Temperature  
of 30
o
C 159 
 
5.36 The Difference in Vapor Compositions of Various  
Compositions at Initial Flow Rate of 48 Liter/Minute  
and Surrounding Temperature of 30
o
C 161 
 
5.37 The Difference in Liquid Compositions of Various  
Compositions at Initial Flow Rate of 48 Liter/Minute  
and Surrounding Temperature of 30
o
C 161 
 
5.38 The Difference in Vapor Compositions of Various  
Initial Flow Rate at Composition of 4060 and  
Surrounding Temperature of 30
o
C 164 
 
5.39 The Difference in Liquid Compositions of Various  
Initial Flow Rate at Compositions of 4060 and  
Surrounding Temperature of 30
o
C 164 
5.40 The Difference in Vapor Compositions of Various  
Surrounding Temperature at Composition of 4060 and  
 Initial Flow Rate of 48 Liter/Minute 166 
 
5.41 The Difference in Liquid Compositions of Various  
Surrounding Temperature at Composition 4060 and  
 Initial Flow Rate 48 Liter/Minute 166 
 
5.42 Weight Remaining Profile of Various Compositions  
at Initial Flow Rate of 48 Liter/Minute and Surrounding  
 Temperature of 30
o
C 168 
 
5.43 Weight Remaining Profile of Various Initial  Flow  
Rate at Compositions of 4060 and Surrounding  
Temperature of 30
o
C 170 
 
xv 
  
5.44 Weight Remaining Profile of Various Surrounding  
Temperature at Compositions of 4060 and Initial Flow  
Rate of 48 Liter/Minute 170 
 
5.45 Relationship between Remaining Weight and  
Surrounding Temperature  at Composition of  4060  
and Initial Flow Rate of 48 Liter/Minute     171                           
  
5.46 Discharging Flow Rate Profile of Various Compositions  
at Initial Flow Rate of 48 Liter/Minute and Surrounding  
Temperature of 30
o
C 172 
 
5.47                             Discharging Flow Rate Profile of Various Initial Flow  
 Rate at Compositions of 4060 and Surrounding  
 Temperature of 30
o
C  173 
 
5.48 Discharging Flow Rate Profile of Various Surrounding  
Temperature at Compositions of 4060 and Initial Flow  
Rate of 48 Liter/Minute 173 
 
5.49 Liquid Level Profile of Various Compositions at  
Initial Flow Rate of 48 Liter/Minute and Surrounding  
Temperature of 30
o
C   175 
 
5.50 Liquid Level Profile of Various Initial Flow Rate at  
Compositions of 4060 and Surrounding Temperature  
of 30
o
C 177 
 
5.51 Liquid Level Profile of Various Surrounding  
Temperature at Compositions of 4060 and Initial Flow  
Rate of 48 Liter/Minute 177 
5.52 Liquid Temperature at Center Sensor for Various  
Weight at Composition of 4060,  Surrounding  
Temperature of 30
o
C and Initial Flow Rate of 48  
Liter/Minute 179 
 
5.53 Relationship between Temperature and  Filling  
Weight at Composition of  4060 and Initial Flow 
Rate of 48 Liter/Minute 180 
 
5.54 Dimensionless Axial Profile of Temperature at 10  
 Minutes at Centre of Various Weights at Initial Flow  
 Rate of 48 Liter/Minute, Composition of 4060 and  
 Surrounding Temperature of 30
o
C 182 
 
5.55 Dimensionless Axial Profile of Temperature at 120  
 Minutes at Centre of Various Weights at Initial Flow  
 Rate of 48 Liter/Minute, Composition of 4060 and  
 Surrounding Temperature of 30
o
C 182 
 
 
xvi 
  
5.56 Dimensionless Axial Profile of Temperature at 180  
 Minutes at Center of Various Weights at Initial Flow  
 Rate of  48 Liter/Minute, Composition of 4060 and  
 Surrounding Temperature of 30
o
C                                        183 
 
5.57 Dimensionless Axial Profile of Temperature at Centre  
 of Weight of 7 kg at Surrounding Temperature of 30
o
C,  
 Initial Flow Rate of 48 Liter/Minute and Composition  
 of 4060 185 
 
5.58 Dimensionless Axial Profile of Temperature at Early  
 Stage at Centre of Weight of 7 kg at Composition of  
 4060, Initial Flow Rate of 48 Liter/Minute and  
 Surrounding Temperature of 30
o
C 185 
 
5.59   Dimensionless Radial Profile of Temperature at Level  
 6 at 10 Minutes of Various Weights at Initial Flow Rate  
of  48 Liter/Minute, Composition of 4060 and  
Surrounding Temperature of 30
o
C  187 
 
5.60 Dimensionless Radial Profile of Temperature at Level  
 6 at 90 Minutes of Various Weights at Initial Flow Rate 
of 48 Liter/Minute, Composition of 4060 and  
Surrounding Temperature of 30
o
C  187 
 
5.61 Dimensionless Radial Profile of Temperature at Level  
 6 at 120 Minutes of Various Weights at Initial Flow Rate 
of 48 Liter/Minute, Composition of 4060 and  
Surrounding Temperature of 30
o
C  188  
5.62 Dimensionless Radial Profile of Temperature at Level  
 6 at 240 Minutes of Various Weights at Initial Flow Rate 
of 48 Liter/Minute, Composition of 4060 and  
Surrounding Temperature of 30
o
C  188 
 
5.63 The Difference in Cylinder Pressure of Various  
Weights at Composition of 4060 and Initial Flow Rate  
of 48 Liter/Minute  190 
 
5.64 The Difference in Vapor Composition of Various  
Weights at Composition of 4060, Initial Flow Rate of 
48 Liter/Minute and Surrounding Temperature of 30
o
C  192 
 
5.65 The Difference in Liquid Composition of Various  
Weights at Composition 4060, Initial Flow Rate of  
48 Liter/Minute and Surrounding Temperature of 30
o
C  192 
 
5.66 The Difference in Weight Remaining of Various  
Weights at Composition of 4060 and Initial Flow Rate  
of 48 Liter/Minute 194  
 
 
xvii 
  
5.67 The Difference in Flow Rate of Various Weights at 
Composition of 4060 and Initial Flow Rate of 
48 Liter/Minute 195  
 
5.68 The Difference in Liquid Level of Various Weights  
at Composition of 4060 and Initial Flow Rate of 
48 Liter/Minute  196 
 
5.69 Liquid Temperature of Mixture of 6040 at Surrounding 
 Temperature of  30
o
C and Discharge Initial Flow Rate  
 of 48 Liter/Minute 197  
 
5.70 Vapor Temperature of Mixture of 6040 at Surrounding 
 Temperature of 30
o
C and Initial Flow Rate of 48 
 Liter/Minute 197  
 
5.71 Pressure Distribution Profile of Mixture of 6040 at 
 Surrounding Temperature of 30
o
C and Initial  
 Flow Rate of 48 Liter/Minute 199  
 
5.72 Liquid level of Mixture of 6040 at Surrounding 
 Temperature of 30
o
C and Initial Flow Rate of  
 48 Liter/Minute 200 
 
5.73 Weight distribution profile of Mixture 6040 at 
 Surrounding Temperature of 30
o
C and Initial Flow  
 Rate of 48 Liter/Minute 201 
 
5.74 Residue of LPG of Various Initial Flow Rate at  
 Composition of 4060, Surrounding Temperature  
                                    of 30
o
C and Filling Weight of 6 kg 202 
 
5.75 Residue of LPG of Various Surrounding Temperatures  
at Composition of 4060, Initial Flow Rate of 48  
Liter/Minute and Filling Weight of 6 kg  203 
 
5.76 Residue of LPG of Various Compositions at  
Surrounding Temperature of 30
o
C, Initial Flow Rate  
of 48 Liter/Minute and Filling Weight of 6 kg 204  
 
5.77 Residue of LPG of Various Filling Weight at  
Surrounding Temperature of 30
o
C, Initial Flow Rate  
of 48 Liter/Minute and Composition of 4060 205  
 
xviii 
  
 
 
 
 
LIST OF TABLES 
 
 
 
 
NO  TITLE PAGE 
 
2.1 Minimum Design Pressure for Pressure Vessel 15  
2.2 Ice Forming Temperature onto LPG Cylinder Wall 52 
3.1 Predicted Values of Evaporation Rates 67 
3.2 Physical and Chemical Properties of LPG 92 
3.3 Standardized Units 92 
3.4 Properties of Air 93 
3.5 Miscellaneous Properties 94 
3.6 Operation Conditions 94 
3.7 Prototype Cylinder Physical Properties 95 
4.1 Study Weight 106  
4.2 Study Composition 106  
4.3 Sample Properties 106  
4.4  Parameters of Study 116  
5.1 Weight of Residue in Cylinder at Various  
Conditions 202  
 
 
 
 
 
 
 
 
 
xix 
  
 
 
 
 
LIST OF ABBREVIATIONS 
 
ABREVIATIONS  DESCRIPTIONS 
a constant  
A   surface area 
AAA  Australian Automobile Association  
B  chemical species, constant   
c   heat capacity 
d  diameter  
D, E, F   constant 
dX  distance difference 
dr  distance difference  
dT  temperature difference 
E(t)  energy at time t 
f  fugacity 
GPSA  Gas Processor Supplier Association  
Gr  Grashof number   
h  convection heat transfer coefficient   
H  latent heat of vaporization 
H   enthalpy of vapor, height    
k  thermal conductivity  
L  length 
LFTB  Liquid Fuels Trust Board 
LPG  Liquefied Petroleum Gas  
MW  molecular weight   
m  mass 
n  mole  
N  number  
Nu  Nusselt number  
P  pressure  
xx 
  
Pr  Prandtl number   
Q  flow rate, heat flux  
r  radius  
R    resistance of heat transfer, gas constant 
t  time  
T   temperature, total 
V  volume, molar volume 
x  liquid mole fraction, wetted  
y  gas mole fraction  
Z  gas compressibility factor  
  
Superscripts 
ig  ideal gas 
m  constant 
L  liquid 
sat  saturation 
 
Subscripts 
Axi  axial 
Acc  accumulation 
b  boiling 
B  bulk 
c  critical, convective 
Cons  consumption 
conv  convection 
C3  propane 
C4  butane 
C3L  liquid propane 
D  discharge 
Eq  equivalent 
f  film 
i  internal or component 
j  component 
ij  molecular pair 
xxi 
  
ice  ice layer 
Gen  Generation 
L  liquid 
Max  maximum 
Min  minimum 
o  external 
out  outside 
p   pressure 
r  pseudo reduced, radiative 
rad  radiation 
ref  reference 
s  system 
v  vapor 
vap  vapor 
vapMax  maximum vapor 
vapMin  minimum vapor  
vapC3  vapor of propane 
vapC4  vapor of butane 
W  wall 
1                          higher region 
2                          lower regions 
   
Greek symbols   
  expansion constant 
  empirical interaction 
  emissivity  
  fugacity coefficient 
  activity coefficient 
  gamma/phi fugacity coefficient 
   density   
	  accentric factor   
μ viscosity  
 
xxii 
  
 
 
 
 
LIST OF APPENDICES 
 
 
 
 
NO   TITLE           PAGE 
  
A Calibration Results 229  
B Mathematical Model 238 
C Gas Chromatography  263 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xxiii 
